This paper presents, for the first time, the electrical response of knitted conductive fabrics to a considerable number of cycles of deformation in view of their use as wearable sensors. The changes in the electrical properties of four knitted conductive textiles, made of 20% stainless steel and 80% polyester fibers, were studied during unidirectional elongation in an Instron machine. Two tests sessions of 250 stretch-recovery cycles were conducted for each sample at two elongation rates (9.6 and 12 mm/s) and at three constant currents (1, 3 and 6 mA). The first session assessed the effects of an extended cyclic mechanical loading (preconditioning) on the electrical properties, especially on the electrical stabilization. The second session, which followed after a 5 minute interval under identical conditions, investigated whether the stabilization and repeatability of the electrical features were maintained after rest. The influence of current and elongation rate on the resistance measurements was also analyzed. In particular, the presence of a semiconducting behavior of the stainless steel fibers was proved by means of different test currents. Lastly, the article shows the time-dependence of the fabrics by means of hysteresis graphs and their non-linear behavior thanks to a time-frequency analysis. All knit patterns exhibited interesting changes in electrical properties as a result of mechanical preconditioning and extended use. For instance, the gauge factor, which indicates the sensitivity of the fabric sensor, varied considerably with the number of cycles, being up to 20 times smaller than that measured using low cycle number protocols.
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in physiological and biomechanical monitoring systems 2 and in healthcare. 3 Wearable electronic textiles, also known as e-textiles, range from electronic components attached superficially to the garment to yarns that have been modified to behave as smart fabric sensors. Fibers can develop sensing properties by coating them with a thin layer of piezoresistive material on conventional fabrics, 4 by knitting conductive fibers into nonconductive knits 5 or by applying conductive thread in the stitches 6 or attached to the top of the fabric. 7 Conductivity can also be imparted to the fibers by incorporating at least 10% concentration of carbon nanotubes or a smaller concentration of graphene.
However, this method causes the fibers to stiffen, making fabric construction more difficult compared to metal blended yarns. 8 The utility of wearable sensors can be improved by characterizing their behavior under deformation (e.g. stretching) electrically and mechanically. The overall equivalent resistance of a knitted conductive fabric is determined by taking into account the length-related resistance R l and the contact resistance R c 9 described according to Ohm's law 10 and Holm's contact theory, 11 respectively. Many works have investigated the relationship between the resistance and the elongation of conductive fabrics. For instance, the deformation behavior of fabric under biaxial extension has been theoretically described using the hexagon resistance model 12 and experimentally verified. 13 Analytical equations have modeled a resistive network of conductive knitted stitches for different numbers of courses and wales, 14 whereas empirical equations for the length-related resistance R l and the contact resistance R c have been developed for fabrics unidirectionally extended. 15 The effect of temperature on the conductivity of the knitted fabrics has been considered 16 as well as the elongation-dependent behavior of fabrics knitted with different stitch dimensions, yarns and elongation directions. 17 Moreover, the timedependent behavior has been analyzed by considering static elongations after the fabric has been kept in a pre-elongated position for 30 minutes (in order to simulate the wearing of a breathing sensor). 17 Nonetheless, no studies have reported whether and in what manner the mechanical and electrical properties change after extended use or a considerable number of stretch-recovery cycles. As the overall electrical resistance is related to the length of yarn and contact force between yarns, it is not possible to study the electrical properties comprehensively without investigating the mechanical effect of cyclic loading. In addition, there is no systematic analysis of the electrical behavior of the conductive textiles after mechanical preconditioning with stretch-recovery cycles and of the effects of the current and the deformation rate on the fabric resistance variation.
The objective of this study is to assess the effect of mechanical preconditioning on the electrical behavior of knitted conductive fabrics by studying whether the resistance stabilizes after a number of cycles, after a rest period and whether the electrical properties are affected by the way the fabrics are mechanically loaded and electrically driven.
The novelty is the evaluation of such effects on conductive textiles knitted with specific stitch patterns in view of their application as elongation sensors.
Influencing factors of the fabric resistance
To understand the electrical behavior of knitted conductive fabrics during stretch-recovery cycles and relate it to their mechanical properties, an overview of the equivalent electrical model describing the structure of the fabrics is given. Knitted textiles are described as interconnections of loops of courses and wales, with each loop (i.e. the basic unit of knitting 18 ) consisting of a head, two legs and two sinker loops joining the adjacent loops, 19 as shown in Figure 1 (a). The conducting fiber makes contacts at the intersection of the head of a stitch with the sinker loops of the stitch above in the same wale and side by side between two stitches on the same course. In practice, this leads to four contact areas between the loop under consideration and the adjacent loops. Depending on the loop geometry and applied strain, each contact area comprises one or more contact points, influencing the contact resistance and the equivalent resistance model. For simplicity, in Figure 1 (a), two contact points for each contact area are represented. Figure 1 (b) describes the associated electrical network consisting of interconnected contact resistances R c (highlighted in red) and length-related resistances R l (drawn in black for the loop under consideration and gray for the adjacent loops).
According to Ohm's law, 10 the resistance of a conductive yarn changes when it is stretched as it is directly proportional to the wire length, L, and inversely proportional to its conductivity, and cross-
When the knitted textile is subjected to a uniaxial strain the configuration of the loop changes and, consequently, so does the length of a stitch. This is due to the slippage of the yarns in the loop during the extension and the overall loosening of the fabric after extended use.
Thus, when considering only the effect of the lengthrelated resistance, the fabric resistance increases with elongation according to Equation (1) . Nonetheless, when the elongation further increases, it is also necessary to take into account the contact resistance R c , as the gap between the strands of yarn shrinks. This results in better contact, adds parallel conductivity paths and leads to a decreased resistance. To describe the contact resistance between two fibers it is possible to use a modified formula very similar to the one originally proposed by Holm in his contact theory
where R c is the contact resistance, c is the contact electrical resistivity, H is the material hardness, p is the mathematical constant (3.14151), n is the number of contact points (related also to the number of stainless steel fibers in the knitted textile) and P is the contact pressure, both depending on the sensor design. The reader should be aware that in this paper c is not only the electrical resistivity of the conductive materials (as originally intended by Holm) but it is the resistivity of the whole contact (conductors and contact surfaces) and, consequently, it takes into consideration all the factors that could influence the contact resistivity. For our purpose, it is enough to highlight that c is dependent on the current flowing through the fabric. The contact surfaces are not affected by the stretching of the fabrics and the applied tension but by the presence of oxidation layers or environmental humidity. 20 The material hardness is assumed constant for a given conductive yarn and not influenced by the fabric's elongation, whereas the number of contact points and the contact pressure depend on the applied strain. Thus, while the knitted fabric is under strain, changes in R c are caused by the change of the contact force acting on the two overlapped yarns during the deformation process of the fabric. In particular, the contact resistance decreases with higher contact pressure or increased number of contact points. For instance, by stretching the textile in the wale direction the contact pressure between the interlocked fibers increases and, hence, the contact resistance of the fibers at the interlocks decreases. Depending on whether the conductive yarn is knitted together with conductive yarns or nonconductive yarns, a single loop could have either only length-related resistance or both length-related resistance and contact resistance. Moreover, the way the loops are interconnected to each other determines the interaction between contact and length-related resistances during elongation and, thus, the electrical behavior of the fabric. By including properties related to the mechanics of the fabric (such as loop length, crosssectional area, contact pressure, number of contact points), the electrical model becomes strongly influenced by the mechanical status of the specimen. Consequently, any change of the mechanical properties during cyclic loading leads to a change of the fabric electrical behavior, as demonstrated in the paper.
It is worth clarifying that a detailed description of the electro-mechanical model or simulation are outside the scope of this paper as the focus is on experimental evaluation of the conductive fabrics and not predictive models. Also, for the purpose of the manuscript, it was relevant to evaluate how the variation of contact resistance with contact pressure and current level affected the overall electrical properties shown by the conductive samples and not to measure experimentally either the resistivity or the contact resistance in certain areas of the specimens.
Experimental design
To investigate the role of preconditioning tests on the electrical behavior of conductive fabrics and the fabric resistance variation at different currents and elongation rates, a detailed experimental set up has been arranged as described below.
Materials
Four conductive knitted samples with different stitch patterns were employed for this investigation: Single Jersey (SJ), SP27, SP29 and SP31 (ß Footfalls & Heartbeats (UK) Limited 21 ). SJ is a control stitch structure composed of a series of interconnecting loops creating 100% of the sensor area. SP27, SP29 and SP31 consist of a minimum of 50% SJ and a combination of miss or tuck stitches that constitute the balance percentage. The proportion of miss and tuck stitches is commercially sensitive and therefore cannot be revealed in the present paper. The difference between the four stitch patterns is illustrated in Figure 2 and reported in Table 1 in terms of fabric density (wales per cm and course per cm), stitch density and loop lengths. The loop length was calculated according to the equation provided for conventional knitted fabrics, 22 with loop width, loop height and yarn diameter being determined by means of an optical microscope (Nikon Eclipse LV100 ND) and an image analyzing software (NISElements).
The samples were all formed by a course of knit, which means that a horizontal row of needle loops was produced by adjacent needles during the same knitting cycle. Each of the four samples was 250 mm Â 50 mm (height Â width) and made of both conductive (150 mm Â 50 mm) and non-conductive yarns, as illustrated in Figure 3 .
Conductive yarn. The conductive yarn used in the samples was a spun staple fiber yarn (Schoeller, Bregenz, metric number Nm-50/2) constructed of 20% Inox steel fiber AISI 316L (conductivity 1.351 Â 10 6 S/m, 8 mm in diameter) and 80% polyester (PES) low pill fiber (16 mm in diameter). These staple fibers were >80 mm long and co-mingled when spun together into the yarn, integrating the sensing part during the manufacturing stage of the fabric (in contrast with coated sensors). According to the Schoeller yarn specification, the number of twists per meter was 600 Z t/m for the single yarn and 425 S t/m for the folded yarn. The tenacity (measured in Newtons per weight unit of yarn) was 916.4 cN/tex and the extension (elongation) at break was 19%.
Non-conductive yarn. The non-conductive yarn was a 150 dtex filament yarn consisting of 48 filaments of PES constructed by texturing processes (introducing bulkiness into continuous filaments).
Sample preparation. The samples were knitted on a flatbed Shima Seiki 122S 10 gauge weft knitting machine at The School of Materials Textile Laboratory at the University of Manchester, according to the knitting notations whose intellectual protections belong to Footfalls & Heartbeats (UK) Limited.
Tensile machine and clamps. The tensile machine used to study the conductive fabrics' behavior was an Instron
(Figures 4(a) and (b)
). To gather the electrical signal coming from the conductive fabrics during cyclic loading, customized clamps were employed ( Figure 4 (c)). The specimens were gripped between polytetrafluoroethylene (PTFE) insulating pads to avoid any contact between the metallic grips of the tensile machine and the conductive area of the samples. The applied clamping force was equal to 2 N for all samples to ensure the same test conditions, while not affecting electrical-wise the specimens by providing different contact pressure in correspondence of the clamps.
Electronic circuitry. To measure the electrical resistance of the conductive textiles and the effect of the current on the fabric resistance during cyclic loading, a constantcurrent method was employed and a four-wire resistance measurement was chosen. Three different current values were provided to the specimens by a purposely manufactured circuit, which worked as a controlled current generator. In other words, the circuit adjusted the voltage applied to the fabric under test to maintain the current sourced to the specimen constant and equal to a set value. The voltage across a sense resistor (which was directly proportional to the current sourced to the samples) was totally unaffected by the stretching, as the bandwidth of the operational amplifier used for current control was several orders of magnitude higher (megahertz) than the highest harmonic effectively present in the fabric resistance variation as a consequence of the stretching (described later on in the Time-frequency analysis section). Data were then collected with a NI USB-6003 acquisition system and post processed in MATLAB for the electrical characterization of the conductive fabrics. The documentation of the circuitry as well as a detailed fabric analysis for all samples presented in the paper will be published in Isaia. 23 
Testing procedure
Before starting the tests the SJ, SP27, SP29 and SP31 samples were kept for a minimum of 20 h in a tensionfree state. The test specimens were handled carefully to avoid folds or wrinkles and minimize the effect of handling during positioning in the clamps. Each sample was gripped in the clamps under tension (without undergoing any pre-deformation/elongation); thus, the elongation started at exactly the beginning of loading. Cyclic unidirectional elongations were then performed with the Instron 8801 Fatigue machine, with the test specimens being tested in the standard atmosphere for testing textiles described in the ASTM D1776 standard (temperature: 21 AE 1 C, relative humidity: 65 AE 5%). The original -unstretched -length of the fabric between the clamps was 100 mm. For all samples the elongation was along the course direction and equal to 16 mm. The elongation value was chosen by mirroring typical human body extensions and considering a comparable fabric deformation on a garment during walking. In fact, future research aims to use the fabrics as sensors for monitoring human body movements. The amount of stretching corresponded also to the maximum value before a non-recoverable deformation occurred. This means that the mechanical loading was at limit of the deformation of the loops.
The choice of evaluating the electrical properties of these specific knitted textiles along the course direction was due to their limited resistance variation (kiloohms instead of megaohms measured along the wale direction). This leads to the possibility in applying them in a circuitry with a Wheatstone Bridge in case only limited resistance variations need to be measured in future.
For each sample, the testing was arranged in two sessions: the preconditioning test and the repeatability test. The two sessions were repeated for the four samples at three currents (1, 3 and 6 mA) and two elongation rates (9.6 and 12 mm/s), for a total of 48 trials. For instance, after an initial rest period of at least 20 h, the SJ was firstly mechanically preconditioned at 1 mA and 9.6 mm/s and, after 5 minutes rest period, tested again at the same conditions. Later on, the same sample was mechanically preconditioned at 3 mA and 9.6 mm/s and, after 5 minutes interval, stretched again with the same procedure. The same occurred at 6 mA and 9.6 mm/s. All samples followed this procedure for both elongation rates. Each session consisted of 250 stretch-recovery cycles, which were performed with a triangle wave of 16 mm amplitude and 0.3 and 0.375 Hz frequencies corresponding to the two elongation rates selected for the tests.
The difference between the two sessions was not in the methodology (the tests were repeated for the same number of cycles under the same conditions) but only in the rest periods (2 h at least and 5 minutes, respectively) and in the results produced. The choice of the current values was mainly related to considerations about the design constraints in battery operated wearable applications. In fact, most of the low-voltage operational amplifiers used in small-signal applications have limited current sourcing capability, typically below 8 mA. Consequently, 1, 3 and 6 mA can be respectively considered as low, medium and high current values when considering the above current limit. The chosen elongation rate values cover a range of possible deformation rate during walking.
First test session: preconditioning of test specimens. The preconditioning test was the first test performed whose aim was the evaluation of any change or stabilization of the electrical properties of the fabric as a result of a certain number of stretch-recovery cycles. By preconditioning effect we mean the stabilization of the electrical properties of the fabric resulting from the cyclic mechanical loading.
Second test session: repeatability after preconditioning. The goal of the second session of tests was to study whether a short rest period reset the preconditioning effects. Without modifying the setting of the specimen in the clamps, the second test session was repeated at the same testing conditions of the preconditioning test after a rest time of 5 minutes. This time was chosen to electrically characterize the specimens in a way compatible as possible with a real application (e.g. fabric embedded in a garment at the knee and tested after a limited sitting/ rest period).
Post processing. Data collected with the acquisition system were then post processed in MATLAB. SP29 is the sample taken as an example in the paper to describe the post processing, whose procedure is the same for all samples and, for this reason, is illustrated only for one sample. The reason why a post processing of the gathered data was necessary is explained below.
Along with the elongation-recovery of the fabric, the contact force acting on any two overlapped yarns changed, causing a change of the contact resistance. As a consequence of the non-linear behavior of the friction forces and the unavoidable imperfections of the fibers composing each fabric, a high-frequency electrical noise was superimposed on the total resistance measured during deformation. To reduce this electrical noise, a Savitzky-Golay filter of polynomial order N ¼ 3 and window length M ¼ 151 was applied to the signal ( Figure 5(a) ). This window was chosen sufficiently large to make it impossible for the low-order polynomial to follow fast changes in the signal due to the noise. At the same time the window was yet sufficiently small (compared to the period of the signal) to accurately follow the fabric resistance variation without introducing distortions or delays. Next, by analyzing the peaks of the filtered signal, the maximum and minimum resistance values were detected for each cycle and two curves determined. Again, by filtering the found maximum and minimum points with a SavitzkyGolay filter of polynomial order N ¼ 3 and window length M ¼ 21, the variability in the extracted data points was reduced. Subsequently, interpolation curves passing through the maximum and minimum filtered values were established ( Figure 5(b) ). In this way, maximum and minimum points separated from each other by half a period were compared in the time domain.
One of the main features for describing the electrical behavior of the samples, independent of the fabric design and composition, was the peak-to-peak span. It was determined by subtracting the interpolated filtered minimum curve from the interpolated filtered maximum one. The peak-to-peak span was chosen as it provides information in terms of sensitivity of the fabric-transducer.
Another feature describing the fabrics' electrical properties was the mean filtered resistance calculated from the settling time onwards. It will be referred to as stabilized average resistance in the rest of the paper. 
Results and discussion

Analysis of the electrical behavior
The electrical behavior of the samples undergoing cyclic loading was analyzed. To be consistent with the way of presenting the outcome of the post processing, SP29 is the sample used to show the testing results. Furthermore, this choice is due to space constraints (it is not possible to show the same plots for every sample and test condition) and as identical trends in the other samples lead to similar considerations. In particular, Figure 6 reports the analysis of the electrical behavior of the SP29 sample sourced with 3 mA and tested at 9.6 mm/s during preconditioning test. When the specimen is initially elongated, its electrical resistance increases proportionally to L of Equation (1) due to increased length of the stitch (red ellipses, Figures 6(a) and (b) ). This was possible because the elongation of the specimen (and thus of the yarn) started at exactly the beginning of loading (thanks to the initial position of the fabric in the clamps). With the increasing elongation a better contact between yarns caused a decreased contact resistance -for the appearance of multiple parallel conduction paths according to Equation (2) -and, therefore, a decreased resistance. This phenomenon justified the minimum resistance value occurring at the maximum elongation, that is, 16 mm. Similarly, one would expect that the maximum resistance value occurs exactly in correspondence to the minimum elongation. Nonetheless, again, the mechanical characteristics of the fabric have a considerable impact on its electrical behavior.
The red arrows in Figure 6 (b) highlight the delay between the maximum resistance and minimum elongation values. This delay is caused by the higher mechanical time constant of the fabric when compared to the frequency of the stretch-recovery cycles. In fact, when the elongation reaches its minimum value (i.e. initial position of the clamps), the stitch length has not reached its minimum value as the loops shrink slowly in accordance with the fabric mechanical time constant. Consequently, the maximum resistance is measured with a delay, after the minimum elongation. This delay is not present when considering the maximum elongation/minimum resistance values as the fabric is elongated by the tensile machine and, thus, the length of the stitch forcibly changes with the timings imposed by the Instron machine.
The choice of illustrating only the first cycles is to show the increasing tendency of the fabric resistance since the beginning of the test and the resistance variation with the elongation performed. More cycles would provide the same information with only a 
Analysis of the knitted fabric parameters
After fatigue tests conducted on the four conductive samples, the shape of the stitch changed for all specimens. An analysis of the knitted fabric parameters was performed with the same optical procedure used for samples never stretched before ( Table 1) . The results of the optical analysis are reported in Table 2 in terms of loop length before and after preconditioning, standard deviations and percentage of variation, with loop length being again calculated according to the equation provided by Cuden et al. 22 The figures in Table 2 are the mean values of the stitch parameters contained in an inch of fabric. Figure 7 compares the dimensions of SP29 before and after fatigue. It is worth noting that the loop width and the diameter of the yarn increased, whereas the loop height did not change considerably while the sample was elongated in the course direction. Between the two tests the values of loop height, loop width and diameter changed from 1375, 1490 and 497 mm to 1384, 1607 and 514 mm, respectively.
Effect of mechanical preconditioning on the electrical behavior of knitted conductive fabrics
Tests conducted on knitted conductive specimens showed the stabilization of the electrical resistance within the samples. A change point analysis 24 was used for determining the settling time for each sample during each test (48 in total), by identifying the instant and extent to which change in the characteristics of interest (in this case peak-to-peak span) occurred to a statistically significant degree. This analysis allowed us to detect changes in the standard deviation using the Gaussian log-likelihood.
SP29 is the sample used as an example to show the effect of mechanical preconditioning on the peak-topeak span during both tests, with the settling time (T s ) being determined by the change point analysis and the results for all the patterns summarized in Figure 8 . From this it was evident how, after the initial cycles in which the electrical equilibrium was not reached, the peak-to-peak span settled to a constant value (around 200 X), which was conserved after a period of rest. Some fluctuations around the stabilized value occurred, especially during the repeatability test. However, such fluctuations have a very low frequency when compared to the signal of interest (stretchrecovery cycles) and thus they can be removed by using a simple detrend algorithm. The reader should keep in mind that the scope of this paper is to evaluate the performance of different knitted fabrics in view of their future application as knee-angle sensors. In particular, once the effect of mechanical properties over electrical behavior has been investigated, it will then be possible to consider special fabric treatments (e.g. embedding in a particular supporting garment) to improve the mechanical behavior and thus electrical repeatability.
Moreover, Figure 8 shows that the rest period between the first and second session did not cancel the effect of the preconditioning process. As a result, during the repeatability tests the samples showed again a stabilization of the peak-to-peak span and, compared to the preconditioning session, it occurred in a shorter settling time (T S 2 5 T S 1 ). In other words, the stabilization of the electrical behavior was faster when the samples underwent preconditioning.
The performance of all samples after mechanical preconditioning is summarized in the following figures. Figure 9 (a) describes the number of cycles to settle for each sample during the preconditioning and repeatability tests. Each bar shows the mean and standard deviation observed for a given sample at three different currents and two elongation rates. The choice of representing results from different test conditions in the same bar is justified by the common tendency for all specimens (the reduction of the number of cycles to settle occurs independently of the current provided and elongation rate performed) and by compactness reason. The consequence of the joint representation of values obtained from different test conditions in Figure 9 (a) is a higher standard deviation.
The number of cycles was calculated as
where k ¼ 1/2 L is a constant with L being the fixed elongation (16 mm), T s is the settling time calculated with the change point analysis, T 0 is the time when the sample starts its elongation for the first time and l r is the elongation rate.
Results showed the decreasing number of cycles between the two tests. For instance, SP27 and SP29 were the samples that needed the longest period of time to settle during the preconditioning, with 106 and 116 cycles respectively. Nonetheless, they were also the samples for which the mechanical preconditioning had the most consistent effect, with the number of cycles being decreased to 18 and 17 cycles, respectively, during the repeatability test.
To validate the effectiveness of mechanical preconditioning on the electrical properties of knitted conductive samples a statistical analysis was conducted. The paired-samples t-test was chosen to determine whether there was a statistically significant difference between the means of number of cycles for the electrical stabilization during and after preconditioning. Peak-to-peak span (Ohm)
Ts 1 Ts 2
Span (preconditioning) Ts 1 (Settling time preconditioning) Span (repeatability) Ts 2 (Settling time repeatability) Figure 8 . Effect of mechanical preconditioning on the peak-to-peak span for the SP29 sample sourced with 3 mA and tested at 9.6 mm/s during preconditioning and repeatability tests.
differences were found for all samples, being p < 0.05 for the four pairs. This confirmed that the average number of cycles to reach the electrical stabilization was significantly larger during the preconditioning test.
Another interesting effect of the preconditioning on all samples was that the stabilized average resistance increased from the preconditioning to repeatability tests. This tendency was likely due to an increase of the total resistance between the trials related to both an increase of the contact resistance and of the lengthrelated resistance. Figure 10(a) illustrates the stabilized average resistance for all samples during preconditioning and repeatability tests. Similarly to Figure 9 (a), each bar represents the mean and standard deviation at three different currents and two elongation rates, as the tendency was common for all specimens independently of the current provided and elongation rate performed. Again, such comparison among values at different test conditions justifies the higher standard deviation.
Effect of the current on resistance measurement
It was found that the electrical properties of the conductive samples changed with the currents provided. Preconditioning and repeatability sessions performed at three different currents (1, 3 and 6 mA) demonstrated that the stabilized average resistance decreased for increasing currents sourced to the specimens (Figure 10(b) ). An explanation of this phenomenon was that on the surface of the stainless steel fibers an oxide film (i.e. passivation layer) exhibited a p-type semiconducting behavior. 20 Thus, the contact between fibers behaved as an ohmic contact, whose phenomenon of decreasing resistance with increasing current has been widely observed. 25 When the sourced current is increased, the contact resistivity c in Equation (2) decreases, resulting in a decreased contact resistance and, lastly, fabric resistance. The effect of current on resistance (and thus on the stabilized average resistance) is more pronounced on SJ as it is the specimen with the highest stitch density. This means that, compared to the other samples, SJ has more electrical contacts (as represented in Figure 1 ) between adjacent loops per cm 2 , leading to more numerous current flow paths.
Effect of the elongation rate on resistance measurement
It was also demonstrated that the elongation rate had an influence on the number of cycles necessary for the electrical stabilization of the conductive samples, as expressed in Equation (3) . In particular, the specimens tested at the highest elongation rates (12 mm/s) generally stabilized more quickly, independently of the current sourced. Figure 11 describes for all samples the increasing difference of mean number of cycles between preconditioning and the repeatability test (N pre -N repeat ) with the elongation rate. The error bars correspond to the standard error.
Sensitivity of the stitch patterns
To evaluate which fabric is a suitable basis for sensor design, it is important to compare the sensing property of the four stitch patterns. To do so, the variation of the gauge factor with the stretching-recovery cycles was calculated as where GF is the gauge factor, ÁR is the change in resistance, R is the initial resistance and e is the strain value. In this paper, the relative change in resistance is represented by the peak-to-peak span with respect to the average resistance (R avg ). R avg is the mean value of the unfiltered fabric resistance variation and is calculated with a Butterworth filter of the order of 2 and normalized cut-off frequency equal to 5 Â 10 À5 . These values were chosen to remove the ripple due to the loading cycles and, at the same time, to follow the mean variation of the original fabric resistance.
The strain e is the ratio between the absolute change in the specimen length (ÁL ¼ 116 À 100 ¼ 16 mm) and the original length of the specimen in the clamps (100 mm).
To specify which stitch pattern delivers the best sensitivity under the same test conditions (3 mA and 9.6 mm/s), we compared in the same graph the gauge factor variation with cyclic loading for the four samples ( Figure 12) . SP29 is the sample that maintains the highest GF for the longest time interval. Conversely, the worst sensing properties are shown by SP27. It is evident that there is a common decrease of the gauge factor over time (up to 20 times) due to the loosening of the fabrics.
Time-dependent behavior
An important requirement for materials to use as elongation sensors is that their electrical response is repeatable with elongation, to allow computation of elongation based on measurement of resistance. Similarly, for conductive fabrics to be used as motion sensors the aim is that their electrical response is repeatable with the movement accomplished (e.g. joint flexion-extension in correspondence of the fabric stretchrecovery). Therefore, in this study we focused on the fabric electrical behavior during cyclic stretch-recovery phases (and not during a single elongation test) in view of future application in the detection of the knee angle. In applications where conductive fabrics will be embedded into garments for motion capture, the goal will be to estimate joint angles based on resistance measurement.
A possible reason why the electrical response deviates from the ideal behavior is its dependence on the loading path (e.g. stretching, recovery) or hysteresis. Hysteresis is typically caused by friction and structural change in materials. 26 A study of hysteresis is therefore important, as the magnitude of such effect can affect the employability of the conductive textiles as sensors. Figure 13 illustrates the dependence of the electrical response of the conductive textiles on the elongation for the first three cycles of preconditioning and repeatability tests. The resistance values of both graphs were different, as they referred to different electrical conditions. Figure 13 (a) corresponds to a sample never stretched before. Consequently, its resistance varied slowly during the first cycles of preconditioning, was dependent on the elongation cycle and, thus, affected by a considerable hysteresis.
On the contrary, Figure 13(b) shows the electrical behavior of a sample already preconditioned and tested after a 5 minute rest. From the y-axis range, it is possible to notice the increased average resistance caused by the loosening of the fabrics. The upward shift of the curves was due to the faster electrical stabilization during the first cycles of the repeatability test. The hysteresis behavior was also reduced as a result of the mechanical preconditioning.
Time-frequency analysis
The loosening of the fabric during cyclic loading introduced additional noise harmonic components to the harmonics spectrum of the resistance signal. A timefrequency analysis is therefore a useful tool to represent how the frequency spectrum of the fabric resistance varies over time. Moreover, from such analysis the harmonics representing both the signal and distortion components and their variation with time can be described.
To evaluate how loosening of the fabric influenced the waveform of the measured resistance during cyclic loading, the MATLAB function spectrogram was used. This command computes a fast Fourier transform (FFT)-based spectral estimate over sliding windows overlapped by 50% and whose width was selected in order to have a frequency resolution equal to 0.01 Hz. In this way it was possible to appreciate how the frequency content varied over time during cyclic loading. Figures 14(a) and (c) represent the spectrogram of the SP29 sample during preconditioning and repeatability tests, with the maximum plotted frequency being 1.55 Hz. This value was chosen as the most relevant frequency content was found in the first five harmonics. The frequency variation within the harmonics spectrum (horizontal axis) was represented as a function of time (vertical axis) with the amplitude (i.e. the power) of a particular frequency at a particular time depicted by the intensity/color of the corresponding rectangle in the spectrogram. The amplitude variations with time for the most relevant five harmonics (0.3, 0.6, 0.9, 1.2 and 1.5 Hz) and for the direct current (DC) component are depicted in Figures 14(b) and (d). The odd harmonics of the fundamental (0.3 Hz) were the expected components approximating the input (a triangle wave). The even harmonics were instead the distortion terms, which were generated by the loosening of the fabric during cyclic loading.
With regard to the evolution with time, it was noticed that the DC component (describing the fabric Figure 14 . Spectrogram and amplitude variation of the most relevant components during the preconditioning test ((a) and (b)) and during the repeatability test ((c) and (d)) for the SP29 sample sourced with 3 mA and tested at 9.6 mm/s. average resistance) increased over time. Moreover, during the preconditioning test, the harmonic at the fundamental frequency has seen its amplitude progressively reduced, decreasing from the initial value of 300 X to approximately 120 X, and the second-order harmonic (0.6 Hz) decreased from 160 X to 110 X, whereas no important variations were appreciated in the other harmonics (Figure 14(b) ). During the repeatability test, no variation was appreciated in the fundamental frequency (since its value was almost stabilized since the beginning of the test) and in the other harmonics (Figure 14(d) ).
Conclusion
This paper has investigated the effect of mechanical preconditioning tests on the electrical properties of four textiles knitted with conductive yarns. Preconditioning and repeatability sessions performed on an Instron Fatigue machine resulted in a phenomenon of stabilization of the electrical behavior of the specimens. The results showed that during the preconditioning test SJ, SP27, SP29 and SP31 stabilized after 54 AE 38, 106 AE 55, 116 AE 75 and 108 AE 22 cycles, whereas during the repeatability session the settling time was considerably reduced to 9 AE 6, 18 AE 15, 17 AE 6 and 29 AE 23 cycles. A paired-samples t-test proved the statistical significance of differences between the preconditioning and repeatability test sessions (p < 0.05 for the four pairs), confirming that the average number of cycles to reach the electrical stabilization was significantly larger during the preconditioning test. During repeatability tests it was also observed that there was a larger stabilized average resistance due to the loosening of the fabrics. Increasing sourced currents and elongation rates affected the resistance measurements by, respectively, decreasing the stabilized average resistance (proving the Ohmic behavior of the contact between fibers) and reducing the number of cycles to reach the electrical stabilization. In particular, specimens with the highest stitch density (SJ) showed the most relevant dependence of the resistance on the current (due to the highest number of electrical contacts). It was also found that the samples with the largest percentage of variation of loop lengths after preconditioning (þ15.28 for SP27 and þ14.41 for SP29) were more sensitive to cyclic loading under an electrical point of view. Lastly, the hysteresis behavior of the resistance curves was reduced as a result of the mechanical preconditioning.
